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Abstract 
The sorption enhanced water-gas shift technology is attractive for pre-combustion decarbonisation of power 
production based on IGCC, but only when the SEWGS technology can be applied for sour syngas. To this extend, it 
was recently demonstrated that 2000 ppm of H2S did not influence the CO2 sorption behaviour of a potassium promoted 
hydrotalcite material at a relatively low pressure of 5 bar. This paper highlights ongoing sorbent testing at pressure 
swing operation between 30 bar adsorption and 2 bar regeneration, crucial for the successful development of the 
technology. The sorbent has good catalytic activity for the water-gas shift reaction during SEWGS conditions. At 30 bar 
pressure and 400°C feed temperature, a CO, CO2 and H2S free H2 product is obtained when feeding a syngas 
containing 200 ppm H2S. This implies that mixing in a separate WGS catalyst is not needed, which significantly 
simplifies the technology. Moreover, multi-cyclic testing at 30 bar and 400°C for 110 cycles shows good sorbent 
stability in the presence of 200 ppm H2S. Deliberately induced slips of CO2 and H2S stabilize within a limited number 
of cycles. By simply reducing the adsorption period, the mass-transfer zones for both CO2 and H2S are readily pushed 
back into the column, again producing a product free of CO2 and H2S. These observations suggest that reversibility of 
sorption processes on the material that have been tested is fully appropriate for the further development of the long-term 
operation of sour-SEWGS technology. 
 
© 2010 Elsevier Ltd. All rights reserved 
Keywords: sorption enhanced reaction; carbon capture; sour conditions; pressure swing; hydrotalcite 
 
1. Introduction 
In the development of future power plant schemes with low carbon footprint, fuel gasification in combination with 
pre-combustion CO2 capture attracts major attention. Compared to post-combustion CO2 capture from flue gas, pre-
combustion syngas has a high CO2 content, implying a strong driving force for physical and chemical capture. Wet 
scrubbing technologies are being developed, typically operating at reduced temperature downstream a water-gas shift 
(WGS) section. Combining the WGS reaction with CO2 separation allows operation at elevated temperature, potentially 
reducing the efficiency penalty associated with CO2 capture. 
ECN focuses on the integration of the WGS reaction with i) H2-membranes in membrane-assisted WGS technology 
and ii) solid CO2 sorbents in sorption enhanced WGS technology (SEWGS). This paper deals with the latter technology. 
The application of potassium promoted hydrotalcite-based materials for the SEWGS technology decarbonising sweet 
syngas (sulphur-free) present in a Natural Gas Combined Cycle (NGCC) power plant has been demonstrated [1]. In an 
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Integrated Gasification Combined Cycle (IGCC) power plant significant amounts of H2S will be present in the coal 
syngas ranging from a few hundred ppm to a few % [2]. For the application of SEWGS technology within an IGCC, it 
is crucial to understand what the fate of H2S will be. For example, would H2S end up in the H2 turbine fuel, subsequent 
H2 desulphurization will invoke an additional energy penalty, seriously lowering the benefit to apply the SEWGS 
technology. Alternatively, would H2S seriously affect the CO2 sorption behaviour, upstream syngas desulphurization 
would be required, preferably at high temperature. Therefore, in-depth understanding on the effect of H2S on the 
SEWGS process is required. 
Since both CO2 and H2S are acidic gas, they may strongly interact with the sorbent material which has a basic 
character. In recent publications [3][4], we illustrated that both CO2 and H2S indeed reversibly adsorb onto a potassium 
promoted hydrotalcite-based material. CO2 adsorbs more strongly than H2S, and CO2 is able to replace H2S from the 
sorbent. In cyclic steady-state a reversible co-adsorption of CO2 and H2S is observed, leading to a simultaneous 
breakthrough for both components. A regeneration using steam is shown to be effective in maintaining this sorbent 
characteristic. These results suggest that the SEWGS process under sour conditions is capable of simultaneous 
decarbonisation and desulphurization of sour syngas originating from the gasification of coal. It will accordingly 
produce a H2-rich product with low contents of CO2 and H2S and a CO2 + H2S rich product. 
In this paper the recent ongoing developments of the sour-SEWGS process are described. Besides low pressure 
sorbent screening, sorbents demonstration at the conditions of the proposed SEWGS cycles is discusses. This involves 
CO2 and H2S adsorption at 30 bar pressure and counter-current regeneration at 2 bar pressure, while the column is 
maintained at 400°C. 
 
2. Experimental 
Sorbent testing at sour conditions was performed on two test-rigs, differing in pressure, operation mode and size. The 
first test-rig allows testing of a small amount of sorbent at 1.2 bar maximum pressure. A scheme is displayed on the left 
hand side of Figure 1. The sorbents are exposed to consecutive adsorption and regeneration periods in co-current mode, 
meaning that the feed always enters the bed from the same side. The pressure in both periods does not change. 
Typically 10 to 15 gram sorbent having a sieve fraction of 0.2-0.4 mm is loaded in a quartz reactor with an internal 
diameter of 1 cm and a length of 10 cm. A 4-way valve allows changing the feed conditions, resulting in well defined 
and fast transient responses. Gas analysis is performed by mass spectrometry. 
 
 
 
Figure 1. Schematic representations of the low pressure co-current test-rig and the high pressure counter-current 
test-rig. 
 
The second test-rig allows for a large amount of sorbents at 30 bar maximum pressure. A scheme is displayed on the 
right hand side of Figure 1 (see also [1]). Compared to the simple isobaric adsorption/regeneration cycle for the low-
pressure co-current test-rig, the cycle now represents pressure swing adsorption (PSA) operation. Accordingly, the 
sorbent is first pressurized with feed gas to 30 bar, followed by the adsorption period. The feed in both steps enters via 
the bottom of the column. Then the voids are cleared from feed gas by a counter-current rinse step, followed by a blow 
down to 2 bar via the bottom of the column. Further sorbent regeneration at low pressure is done in counter-current 
mode with the feed entering the top of the column. In summary, the sorbent is loaded at 30 bar, while regeneration in 
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counter current mode is done at 2 bar. Typically 2 kg of sorbent is loaded as 5x5 mm pellets in a column with an 
internal diameter of 3.8 cm and a length of 2.0 m. Gas analysis is performed via mass spectrometry. Since the column 
pressure changes from 30 to 2 bar, a pressure reducer is installed in the sampling line to suppress interfering pressure 
fluctuations within the mass spectrometer. Furthermore, the sampling system was designed in a way that H2S could be 
representatively analyzed. 
The materials used in this study are two calcined synthetic hydrotalcite-based materials, both obtained from Sasol 
Germany: MgO:Al2O3 with a weight ratio of 70:30 (Mg/Al ratio of 2.9) and with a weight ratio of 30:70 (Mg/Al ratio of 
0.54). The sorbents have been promoted with 20 wt% K2CO3 and are denoted as K MG70 and K MG30 respectively. 
Moreover, a 20wt% K2CO3 loaded Al2O3, obtained from BASF Catalysts LCC was used. This sorbent is denoted 
K AL. Under the reaction condition of the SEWGS process, the layered clay structure of the K MG70 and K MG30 is 
no longer present, and the material can be best described as a mixed magnesium-aluminium oxide with basic character. 
The basic character of the hytrotalcites and the alumina (K AL) is further enhanced by the addition of K2CO3 [5]. 
Because both H2S and CO2 are acidic, they both interact with the sorbent. 
 
3. Results 
3.1. Low pressure sorbent screening 
As described in the introduction, reversible co-adsorption of CO2 and H2S was demonstrated for K MG70. Recent 
experiments verify that K MG30 and K AL display similar behaviour under sour conditions as K MG70. For instance, 
the transient responses for N2, CO2, H2O and H2S at cyclic steady state are shown for cyclic experiments with and 
without H2S for K AL in Figure 2. The markers represent the experiment without H2S in the feed, while the lines 
represent the same experiment with 500 ppm H2S in the adsorption feed. The transients are aligned with respect to their 
N2 response. As for K MG70, reversible co-adsorption of H2S and CO2 is also observed for K AL and K MG30 (not 
shown), resulting in a simultaneous breakthrough of CO2 and H2S. Clearly, 500 ppm H2S has no influence on the CO2 
sorption behaviour of these materials as the responses for CO2, H2O and N2 are identical with or without H2S in the 
feed. During the CO2 uptake the H2O response increases whereas the N2 response hardly changes in intensity. This 
indicates that adsorption of CO2 is accompanied by desorption of H2O. Similarly, during regeneration at t=1372 min, 
the response for H2O decreases, indicating H2O adsorption during CO2 desorption. 
 
 
Figure 2. Transient responses for N2, CO2, H2O and H2S using 15 g K AL at T=400°C and P=1.2 bar. 
Symbols: without H2S, lines: with H2S. Adsorption conditions: 11 % CO2, 17 % H2O in N2 with and 
without 500 ppm H2S, 175 Nml.min
-1
. Regeneration conditions: 17 % H2O in Ar, 175 Nml.min
-1
. 
 
Calculations suggest that between 0.5 and 1.0 mol of H2O is exchanged for every mol of CO2. The desorption of 
water upon CO2 adsorption may be expected under such temperature conditions. Chemisorption of CO2 probably 
involves the formation of carbonate species which may be formed by the chemical reaction between hydroxides species 
or hydroxyl groups and adsorbed CO2. For instance it is well known in the case of magnesium carbonate that 
magnesium oxide hydration to magnesium hydroxides facilitates subsequent carbonation reaction leading to magnesium 
carbonate [6]. The estimated stoichiometry of the process on the investigated material seems to indicate the occurrence 
of such a carbonate formation, although the mechanism involved for the K-promoted alumina needs further study. 
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In figure 2, the increase of the H2S intensity during breakthrough is an experimental artefact caused by slightly 
higher feed concentrations during adsorption than during regeneration. Note that this is also observed for H2O when the 
pre- and post-breakthrough intensities are compared. 
 
3.2. High pressure breakthrough testing 
In the SEWGS process, the WGS reaction is combined with a CO2 removal via adsorption. Full CO conversion can 
be achieved since the thermodynamic limitations are circumvented. As developed by Air Products  [7][8] the 
technology was indeed based on a mixture of catalyst pellets to perform the WGS reaction and sorbent pellets to capture 
the CO2. The column would thus typically contain about 30 wt% of FeCr-based catalyst (15 vol%). If the catalyst would 
be obsolete, the volumetric CO2 capacity of the column would increase, decreasing both the Capex (larger columns) as 
the Opex (steam consumption). System operability would benefit significantly. 
In Figure 3 a breakthrough experiment is shown for a syngas feed containing H2S. Besides 20 % CO2, 200 ppm H2S 
and 40 % H2O, the feed contains 17 % CO and 17 % H2. The column is filled with K MG30 sorbent only, so no WGS 
catalyst has been added. The operation temperature and pressure are 400°C and 30 bar. Hydrogen does not noticeably 
interact with the sorbent and is readily detected at the column outlet. Remarkably, while CO2 is adsorbed in the column, 
the outlet product neither contains CO2 nor CO. Moreover, an increased H2 concentration is observed. These results 
clearly indicate that the sorbent has good WGS activity during CO2 breakthrough in the presence of 200 ppm of H2S in 
the feed. The CO is converted with steam to H2 and CO2, while the latter is immediately adsorbed. Accordingly, the 
product neither contains CO nor CO2 and is enriched in H2. Besides the extra H2 produced, its high concentration prior 
to CO2 breakthrough is also partially caused by the CO2 uptake of the sorbent leading to concentration increases of all 
other components. 
 
 
Figure 3. Transient responses for CO, CO2, H2 and H2S during a breakthrough experiment on K MG30 at a 
feed temperature of 400°C and a column pressure of 30 bar. Feed conditions: 200 ppm H2S, 17 % CO, 
20 % CO2, 17 % H2, 40 % H2O in He. Inset: temperature in the middle of the column. 
 
Breakthrough for CO is observed slightly earlier than for CO2. Following breakthrough, the CO concentration drops 
again and then slowly increases to approach its inlet concentration. Simultaneously, the high H2 and CO2 concentrations 
following breakthrough decrease and approach their feed values. These results indicate that the sorbent has a much 
lower WGS activity once the sorbent nears saturation with CO2. Separate steady-state activity measurements indeed 
confirm a 2 to 4 order of magnitude lower WGS activity compared to commercial FeCr-based and CoMo-based WGS 
catalysts. The gradual change of the CO, H2 and CO2 concentrations towards their inlet values is related to the dynamic 
temperature profile within the column. The inset in Figure 3 shows the temperature of the column measured at half 
height. The full CO conversion prior to breakthrough and the simultaneous adsorption of CO2 cause the temperature to 
peak from 400°C to 457°C. When the breakthrough front passes, the temperature slowly decreases to the feed 
temperature. Accordingly, directly after breakthrough the column is hot and the steady-state WGS activity of the 
sorbent is high, resulting in a low response for CO and high responses for CO2 and H2. With decreasing column 
temperature, the WGS activity also drops and the responses approach their inlet concentrations. 
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3.3. High pressure cyclic testing 
The promising behaviour of the sorbent observed during the low pressure testing is validated in high pressure cyclic 
testing. The experiments described in this section focus on the stability of the sorbent for the co-capture of CO2 and H2S 
during a representative SEWGS cycle. For all experiments presented here, the adsorption feed consists of 200 ppm H2S, 
25 % CO2, 30 % H2O, 10 % He in N2 at 30 bar, while counter current regeneration is performed with 75 % H2O in N2 at 
2 bar. The column is maintained at 400°C. 
In Figure 4, a 110 cycles test is displayed using K MG30 as sorbent. The left hand side figure gives the responses 
for He, H2S and CO2 during the 3
rd
 breakthrough experiment preceding the 110 cycles. It indicates that H2S and CO2 
show near simultaneous breakthrough, as observed with the low pressure tests discussed before. The breakthrough time 
is 8.3 min, corresponding to a CO2 capacity 0.77 mol.kg
-1
 and a H2S capacity of 0.62 mmol.kg
-1
. Note that this type of 
sorbents have a much higher H2S capacity in the absence of CO2, being of the same order of magnitude as the CO2 
sorption capacity. The low H2S capacity observed in the breakthrough experiment in Figure 4 is dictated by CO2 
displacing H2S [3]. Prior to breakthrough, a small H2S slip is observed at t=1510 min. Since the column is saturated 
with CO2 and H2S during the previous breakthrough experiment and the regeneration is not long enough for complete 
desorption of both species. The CO2 adsorbing during this 3
rd
 breakthrough experiment then results in a displacement of 
H2S that is not captured entirely by the downstream part of the column. 
 
Figure 4. Transient responses for He and H2S for a 110 cycles test on K MG30. 
 
Following the breakthrough experiment, the 110 cycles test is started, for which only the H2S response is shown. The 
times for the different steps in the cycle are 5 min adsorption, 5 min rinse, 3 min depressurization, 5 min regeneration, 
7 min repressurization. This does not represent an optimized cycle since the focus of these experiments is on material 
behaviour. For the first 5 cycles, a small amount of H2S is detected at the column outlet that, however, rapidly 
diminishes. The detection of an initial H2S slip is related to the saturation of the entire column with CO2 and H2S during 
the preceding breakthrough experiment, similarly as observed for the breakthrough experiment on the left hand side of 
the Figure 4. For the remaining 105 cycles no H2S is detected in the product. This experiment evidences that at realistic 
cycle conditions, the sorbent is capable of removing both CO2 and H2S from the feed. 
In a 54 cycles test the adsorption time was prolonged to 7.5 min, resulting in CO2 and H2S slip into the product 
stream as shown in Figure 5. Although breakthrough experiments indicate a nearly common front for H2S and CO2, the 
amount of CO2 measured in the product at the column top is larger than the amount of H2S. Apparently, the H2S front is 
slightly delayed compared to CO2. Most importantly it is clearly observed that the H2S slip is growing during the first 
10 cycles but stabilizes thereafter and a cyclic steady state is obtained. The dynamic positions of the mass transfer zones 
for both CO2 and H2S stabilized within the column. 
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Figure 5. Transient responses for CO2 and H2S for a 54 cycles test on K MG30 using an adsorption time of 
7.5 min to deliberately invoke a small slip of H2S. 
 
In Figure 6 the dynamic locations of the mass transfer zones are changed by varying the adsorption time. In this 
62 cycles experiment, the adsorption time is changed from 5 min to 6 min to 7 min and then back to 5 min, while the 
condition for the other steps in the cycle remain unchanged. The left hand side figure displays the breakthrough 
experiment preceding the 62 cycles experiment. For the 5 min adsorption period, both H2S and CO2 show essentially no 
slip. When increasing the adsorption time to 6 min, a steady slip of CO2 emerges while H2S slip is still absent. For the 
7 min adsorption time, the CO2 slip increases and nearly corresponds to full breakthrough. A H2S slip also emerges, but 
the feed concentration is not reached. The H2S slip observed in the figure at cyclic steady state (i.e. cycle 55) 
corresponds to an averaged H2S concentration of 15 ppm in the product stream, while the feed contains 200 ppm H2S. 
The ability to push these breakthrough fronts back into the column is illustrated by the disappearance of both CO2 and 
H2S slip when decreasing the adsorption time from 7 to 5 min at t=121 hr. Interestingly, this decrease in CO2 and H2S 
slip is rather fast. 
 
Figure 6. Transient responses for CO2 and H2S for a 62 cycles test on K MG30 with varying adsorption times. 
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4. Discussion 
Ongoing efforts on sorbent screening at low pressure indicate that co-capture of CO2 and H2S from sour syngas is 
observed for sorbents having a wide range of Mg content. For all three sorbents presented in this paper, both CO2 and 
H2S are captured during adsorption and released during regeneration. Additionally, CO2 is capable of replacing H2S 
from the sorbent. Well defined experiments further indicate that H2O is released from the sorbent during CO2 adsorption 
and adsorbed during CO2 desorption. Therefore, the surface chemistry is an interplay between the interactions of CO2, 
H2O and H2S with the sorbent. 
High pressure testing is a crucial step in the demonstration of a suitable material, since this type of testing can reveal 
material characteristics not observed at low pressure testing. Via breakthrough experiments at 30 bar, it is demonstrated 
that the sorbent is catalytically active for the WGS reaction in the presence of 200 ppm H2S in the feed. Prior to CO2 
saturation of the sorbent, full CO conversion and simultaneous capture of the produced CO2 is observed. At the moment 
the sorbent starts to get saturated with CO2, the WGS activity drops as evidenced by the slightly earlier breakthrough of 
CO compared to CO2. Following breakthrough, the sorbent WGS activity is significantly lower. Since mainly the pre-
breakthrough WGS activity is relevant for SEWGS operation aiming at high CO2 capture ratio’s, these results clearly 
suggest that a supplementary WGS catalyst material is not required. This simplification affects several aspects of the 
SEWGS technology. Firstly, omitting the catalyst directly means that the volumetric sorption capacity of the column is 
increased because the column simply contains more sorbent. Therefore, the columns can become smaller, reducing 
capital expenditure. Secondly, at increasing cyclic steady-state volumetric CO2 capacity, cycle times also increase. As a 
result a lower consumption of high pressure high temperature steam used for the rinse step is required. Since less steam 
needs to be subtracted from the steam cycle, power generation increases and the efficiency penalty for CO2 capture of 
the SEWGS technology decreases. Thirdly, conventional FeCr-based commercial WGS catalysts undergo a redox cycle 
within the SEWGS application. Although this does not appear to affect catalyst WGS activity significantly [9], it does 
result in an inevitable decrease of CO2 purity induced by the production of a small amount of H2 during the purge with 
steam which slightly oxidizes the catalyst during the regeneration step [10]. 
Constant pressure operation at 5 bar pressure in the presence of 2000 ppm H2S, already indicated good sorbent 
stability [3]. The results presented in this paper further indicate good sorbent stability during pressure-swing operation 
between 30 bar adsorption and 2 bar regeneration. When small slips of CO2 and H2S are enforced by prolonging the 
adsorption period, the amounts of CO2 and H2S in the product stream stabilize after a couple of cycles. During the 
remaining 60 cycles of the experiment, no increase in H2S or CO2 slip is observed. Moreover, first increasing and then 
decreasing the adsorption period indicates that the mass-transfer zones for CO2 and H2S can be dynamically positioned 
within the column. The slips for CO2 and H2S rapidly drop to their initial values when significantly decreasing the 
length of the adsorption period. 
The presented results imply that the sour-SEWGS technology will be capable of producing a H2 product stream free 
of CO2 and H2S. Since the H2S does not end up in the H2 but in the CO2 product, the sour-SEWGS technology is 
especially interesting for the application in an IGCC power plant. However, the H2S content of the CO2+H2S product is 
too low to be directly fed to a Claus unit or a wet sulphuric acid unit. Illustratively, gasification of a 1.5 wt% S coal 
using Shell gasification produces a SEWGS syngas feed containing typically 2000 ppm H2S+COS [2]. The CO2+H2S 
product from the sour-SEWGS process would accordingly consist of 35 % CO2, 64 % steam and 2750 ppm H2S. 
Further CO2 clean-up is therefore a topic of further study. 
 
5. Conclusion 
The suggestion that potassium promoted hydrotalcite-based materials are suitable sorbents for the SEWGS 
technology of sour coal syngas [3] is further strengthened by recent sorbent screening experiments and high pressure 
testing. Critical aspects such as sorbent stability under counter-current pressure swing adsorption is demonstrated in 
multi-cycle experiments. When a small slip of CO2 and H2S in the product is deliberately forced by increasing the 
adsorption time, the slip stabilizes and does not appear to increase with increasing cycles. Additionally, the mass 
transfer zones for CO2 and H2S are again forced back into the column by decreasing the adsorption time. These are 
critical characteristics for the development of a robust system.  
Breakthrough experiments using sour syngas indicate that the sorbent has good WGS activity prior to CO2 
breakthrough. Although its steady-state WGS activity is 2 to 4 orders of magnitude lower than observed for commercial 
FeCr based and CoMo based catalysts, the H2 product of the sour-SEWGS process is essentially free of CO, CO2 and 
H2S. 
It is demonstrated that the presence of 500 ppm H2S in the syngas does not appear to influence the CO2 sorption 
characteristics. Most importantly, H2S does not appear to change the CO2 sorption capacity of the sorbent materials 
studied. 
These results suggest that the sour-SEWGS technology is a promising technology for simultaneous decarbonisation 
and desulphurization of coal-derived syngas. 
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